Abstract-The detector control unit (DCU) is an ASIC developed as the central building block of a monitoring system for the Tracker of the Compact Muon Solenoid (CMS) experiment. Leakage currents in the Silicon detectors, power supply voltages of the readout electronics and local temperatures will be monitored in order to guarantee safe operating conditions during the 10-years lifetime in the large hadron collider (LHC) environment. All these measurements can be performed by an A/D converter preceded by an analog multiplexer and properly interfaced to the central control system. The requirements in terms of radiation tolerance, low-power dissipation and integration with the rest of the system led to the design of a custom integrated circuit. Its structure and characteristics are described in this paper.
I. INTRODUCTION
T HE CMS tracker silicon micro-strip detectors, when exposed to the LHC high levels of radiation, are subject to a number of damaging phenomena. The main effects are an increase of the detector leakage current and a change in the detector depletion voltage. Maintaining the detector integrity and efficiency over its expected 10 years life requires careful monitoring of the detector environmental conditions. A very large scale integration (VLSI) circuit, the detector control unit (DCU), has been developed for that purpose in the CMS tracker.
The detector hybrid block diagram is shown in Fig. 1 . The figure represents the global relations between the DCU, the silicon micro-strip detectors and the readout chips, the analog pipeline voltage (APV) mode chips [1] . The detector leakage current is monitored using a sensing resistor. The sensor temperature is measured at two different points using two negative temperature coefficient (NTC) thermistors in parallel. A third NTC thermistor is used to monitor the temperature near the APV ICs. Two temperature and power supply independent currents (10 A and 20 A) are generated inside the DCU and used to drive the thermistors. The APV power supply voltages (2.5 V and 1.25 V) are monitored by the DCU through two external resistive dividers. A single analogue-to-digital (A/D) converter is used inside the DCU to convert the several input voltages using an analogue 8-to-1 multiplexer. The conversion results can then be read by the slow control system using the DCU I2C interface. 1 Fig. 2 shows a module of the CMS tracker outer barrel with the front-end hybrid housing the DCU, the readout chips and the two silicon detectors.
II. CIRCUIT DESIGN
The global architecture of the DCU is shown in Fig. 3 . The DCU is made by the a 12-b A/D converter preceded by an 8-to-1 analogue multiplexer, an I2C interface, a band-gap voltage reference, two temperature and power supply independent current sources, a diode based integrated temperature sensor (TS) and a 24-b uniquely writable chip identifier.
The design specifications of the A/D converter are summarized in Table I .
The A/D converter architecture is of a single slope type [2] . In this type of circuits a constant current charges a capacitor. The resulting voltage "ramp" is compared with the input voltage. A counter is started at the beginning of the conversion cycle and measures the time the capacitor voltage takes to reach the input voltage value. The final count is proportional to the input voltage and represents the conversion result. For the 12-b A/D converter described here, the maximum conversion time is 100 s (4096 clock cycles at 40 MHz).
Two operation modes are possible in this A/D converter. In one mode, the measurement is made with reference to ground while in the other mode the power supply (2.5 V) is taken as the signal reference. These two modes, allow to measure, without loss of linearity, signals that are either close to ground (low input range) or to the power supply voltage (high input range).
When operating in the low input range (LIR) mode the integration capacitor is charged from ground until it reaches the signal voltage, while in the high input range (HIR) mode the capacitor is discharged from the power supply voltage. Depending on the operation mode a PMOS (LIR mode) or an NMOS (HIR mode) based comparator is used to take advantage of their intrinsic common mode ranges. Both comparators use a two-stage topology with positive feedback.
In order to guarantee high linearity and low thermal sensitivity the integration capacitor was implemented using a metal-to-metal (MIMCAP) 100 pF capacitor. However, the nonlinear gate capacitance of the input transistors of the two comparators is connected in parallel to the integration capacitor degrading the global nonlinearity of the A/D converter. To limit the effect of this nonlinear component of the total capacitance, the size of the input transistors has been chosen to be as small comparator. The average of these two measurements is taken as the true result of the measurement. The offset is cancelled because in the two consecutive measurements it appears with opposite signs.
The band-gap cell provides an output voltage constant and stable with respect to temperature and power supply voltage variations. An external 120 K resistor is used to convert this voltage into a 10 A reference current. This current generates all the currents used in the A/D converter and the 10 A and 20 A currents used to drive the external thermistors. The TS is implemented by monitoring a voltage derived from a self-biased current source whose current is proportional to the absolute temperature (PTAT) [3] .
The IC interfaces with the tracker control system through an I2C bus. This is used to start the acquisitions, to select the input channel and the operating mode and to read the results [4] .
The digital part of the chip uses triple redundancy to insure protection against SEU effects.
The DCU has been designed in a 0.25 m commercial CMOS technology. The use of deep submicron technologies and special radiation tolerant layout techniques gave us a "low cost" alternative to traditional rad-hard technologies. This approach has been extensively used in the development of analog and digital VLSI devices for the CMS Tracker [5] . The 2 2 mm layout of the DCU where the main blocks have been put in evidence is shown in Fig. 4 .
III. TEST AND CHARACTERIZATION

A. A/D Converter Characterization
The following parameters of the A/D converter have been measured:
• gain; • offset;
• integral non-linearity (INL);
• differential non-linearity (DNL);
• transition noise (TN). The characteristic of the A/D converter output is shown in Fig. 5 . The values for the Gain and for the Offset are 2.22 LSBs/mV and 1.5 LSBs, respectively.
The INL and the DNL have been evaluated. The two conditions LSBs (see Fig. 6 ) and LSBs (see Fig. 7 ) are verified in the nominal input range; the last one implies a monotonic characteristic and no missing codes.
The RMS of the noise generated in the A/D converter (TN) has been evaluated applying a sequence of very small voltage steps and evaluating the steepness of the transition between two adjacent values of the output [6] . This analysis leads to an RMS of the TN of 0.25 LSBs.
The A/D converter has been characterized over a temperature range C to C. The sensitivity of the gain (see Fig. 8 ) is 120 ppm/C, while no significant change in the offset has been detected with respect to temperature variations.
The relation between the gain and the power supply voltage (VDD) has been also investigated. A sensitivity of 5 ppm/mV has been measured.
The DCU total current is 13 mA at room temperature and with VDD V corresponding to a power dissipation of about 35 mW.
B. TS Characterization
The integrated TS has been characterized between C and C: the characteristic of the TS output is shown in Fig. 9 . The gain of the integrated TS is 9.22 LSBs C. Its INL has been evaluated and it is less than 2.5 LSBs as it is shown in Fig. 10 . 
C. Current Sources Characterization
The 10 and 20 A current sources have been also characterized. The measured values for the two currents are 9.63 and 19.23 A respectively. The sensitivity with respect to temperature in the range C C is 160 ppm C for the 10-A current and 175 ppm C for the 20-A current. With the NTC thermistors used in our system this effect produces an error of less than 0.1 C in the measured temperature at 20 C assuming that a one-point calibration is performed at room temperature.
D. Irradiation Tests
Several samples of the DCU have been irradiated with X-rays up to 10 Mrad with a dose-rate of 25 Krad/min. In the A/D con- 
IV. CONCLUSION
A quarter micron CMOS integrated circuit (DCU) has been developed as the basic building block for the monitoring system of the CMS Tracker. The circuit has been extensively tested and characterized and it fully meets the specifications. It has been produced in more than 25 000 units for the original application while other CMS detectors (ECAL, pre-shower) and other LHC experiments (ATLAS) are considering the possibility to use it as the building blocks of their own monitoring systems.
